Twenty-five years ago, RET was identified as the primary driver of multiple endocrine neoplasia type 2 (MEN2) syndrome. MEN2 is characterized by several transformation events including pheochromocytoma, parathyroid adenoma and, especially penetrant, medullary thyroid carcinoma (MTC). Overall, MTC is a rare but aggressive type of thyroid cancer for which no effective treatment currently exists. Surgery, radiation, radioisotope treatment and chemotherapeutics have all shown limited success, and none of these approaches have proven durable in advanced disease. Non-mammalian models that incorporate the oncogenic RET isoforms associated with MEN2 and other RET-associated diseases have been useful in delineating mechanisms underlying disease progression. These models have also identified novel targeted therapies as single agents and as combinations. These studies highlight the importance of modeling disease in the context of the whole animal, accounting for the complex interplay between tumor and normal cells in controlling disease progression as well as response to therapy. With convenient access to whole genome sequencing data from expanded thyroid cancer patient cohorts, non-mammalian models will become more complex, sophisticated and continue to complement future mammalian studies. In this review, we explore the contributions of non-mammalian models to our understanding of thyroid cancer including MTC, with a focus on Danio rerio and Drosophila melanogaster (fish and fly) models.
Introduction
Twenty-five years after the seminal work linking oncogenic RET and multiple endocrine neoplasia type 2 (MEN2), the field has advanced well beyond what Donis-Keller and coworkers (1993) imagined. We now have a deeper understanding of the signals by which oncogenic RET drives tumorigenesis, we know that other genes such as BRAF can also be involved and, perhaps most importantly, we have multiple FDA-approved drugs that extend the lifespan of MEN2 patients. Nevertheless, many patients' disease continues to advance due to emergent resistance or limited response to current therapeutics. Our growing knowledge regarding the mechanisms that drive MEN2-related transformation and the testing of a new generation of therapeutics holds hope that patients will have new and perhaps better therapeutic options. The goal of this review and other recent reviews is to consider how simple model systems have contributed to our understanding of MEN2 and RET-linked cancers including MTC, and how they can be used as we move forward in developing new therapeutic treatments.
MTC is defined as transformation of the thyroid's parafollicular cells, also labeled 'C cells', and is the most consistently observed cancer in MEN2 patients. Nearly 100% of MEN2 patients develop MTC, accounting for approximately 20% of total MTC cases, and early surgical resection of the thyroid has improved survival (Wells et al. 2013 (Wells et al. , 2015 . Surgery is not an option for spontaneous cases, and developing targeted therapeutics has become a priority of the field. These efforts rely on model systems. Multiple mouse models have been developed to model thyroid cancers; in addition to xenograft approaches, transgenic models of papillary thyroid cancer (PTC) and MTC have been reported (Michiels et al. 1997 , Sweetser et al. 1999 , Acton et al. 2000 , Smith-Hicks et al. 2000 , de Graaff et al. 2001 ; reviewed in Kirschner et al. 2016) . RET(C634R) or RET(M918T) mouse models were established to model MTC observed in MEN2A or MEN2B patient subtypes, respectively. These mouse models exhibited hyperplasia in a subset of animals. However, penetrance of transformation was low, e.g., 13% for RET(M918T) after 11 months; some mouse transgenic lines required >20 months to present with MTC (Acton et al. 2000) .
While these transgenic mouse models are breakthroughs in demonstrating the importance of RET-based transformation for MEN2 and MTC, the low penetrance and long time-to-onset have limited the use of these models for exploring networks or screening for therapeutics. In particular for therapeutics, cell lines followed by xenografts are now often the preferred approach for identifying and validating candidate therapeutics. Information gained in non-mammalian models will need to be validated in these models.
Why study non-mammalian models of MEN2?
One approach to complex biological problems that has proven effective is the use of non-mammalian model organisms as tools. In development, neurobiology and disease, Caenorhabditis elegans, Drosophila and zebrafish have provided important mechanistic and therapeutic information. The purpose of these models is not to replace mammalian models but to complement them. For example, many of the molecular pathways that direct cancer including NOTCH, WNT and HIPPO, as well as multiple members of the RAS signaling pathway were discovered (and named) in Drosophila. Regarding cancer, among the first examples of tumor suppressors were reported in Drosophila (Gateff & Schneiderman 1967 , 1969 , Gateff 1978 .
Fish and flies provide powerful genetic tools for the study of disease including MEN2; these are further discussed below. Both systems are rapid and inexpensive, and whole animal experiments can be performed at larger scale than mice or rats. These advantages, bolstered by a large community that has developed a myriad of tools and data, allow diseases such as MEN2 to be studied with a view to the larger networks that drive the disease. Also as discussed below, both flies and fish have important limitations including the key point that details between fish, flies and humans can be different in ways that can affect therapeutic response. Perhaps non-mammalian models' greatest advantage is that they can yield useful and sometimes surprising hypotheses that can guide experiments in mammalian models.
Zebrafish and models of thyroid cancer
The teleost Danio rerio has been used to explore development for more than three decades. Zebrafish are easy to raise in a laboratory setting and genetically tractable. Young embryos are mostly clear, allowing the details of embryonic development to be observed in situ. The ability to generate a large number of transgenic lines expressing targeted fluorescent markers allows for detailed study of the effects of genetic manipulations on the cell biology of specific tissues. By visualizing fluorescencelabeled thyroid cells during early development, zebrafish models permit the ability to monitor the effects of genetic changes or chemical treatment.
Systematic knockout efforts have generated a wealth of tools for exploring gene function (Driever et al. 1996 , Haffter et al. 1996 . Approximately 70% of human genes have a clear fish ortholog (Howe et al. 2013) . Morpholinomediated transient gene knockdown and CRISPRmediated endogenous gene alteration provide the ability to perform a spectrum of genetic manipulations in the fish. With these advantages zebrafish has taken its place as a 'canonical' model system. More recently, the community has embraced using zebrafish to explore disease including therapeutics.
Cancer models
The relative convenience of generating transgenic fish, compared to mouse models, makes them suitable for modeling cancers driven by multiple genetic changes. In one of the earliest such attempts, targeting of human BRAF oncogenic ortholog BRAF(V600E) to the melanocytes using a mitfa promoter resulted in large black nevi. Full fledged melanoma-like features developed in fish with additional loss of the p53 gene, an observation similar to melanoma patients where BRAF(V600E) mutations co-occur with mutations of various components of the p53 pathway (Patton et al. 2005) . Genetic models of hematological cancers (Langenau et al. 2003) , pancreatic cancers (Yang et al. 2004 , Park et al. 2008 , soft-tissue sarcoma (Langenau et al. 2007 , Le et al. 2007 , and prostrate cancer (Le et al. 2007 , Wang et al. 2010 , have been added to the list of cancers amenable to modeling in zebrafish.
Fish thyroid cancer models
Teleost thyroids have striking similarities (and some differences) with our own thyroids. Similar to us they have both follicular cells and calcitonin-producing C cells. However, the two cell populations do not fuse but, rather, remain separate (Biddinger & Ray 1993 , Alt et al. 2006 . The C cells collect as 'ultimobranchial bodies' that are associated with the heart (Fig. 1) .
Promising new zebrafish models of thyroid cancer have been developed. Modeling aspects of PTC, Houdras and colleagues demonstrated that targeted expression of the human BRAF oncogenic isoform BRAF(V600E) to thyrocytes led to multiple aspects of PTC (Anelli et al. 2017) . Through targeted knockout, they demonstrated the functional importance of the epithelial-to-mesenchymal (EMT) regulator TWIST2 as a mediator of BRAF(V600E)-dependent transformation. They also demonstrated the ability of fish to respond to clinically relevant drugs, rescuing aspects of transformation with the BRAF pathway inhibitors dabrafenib and selumetinib.
Recently, Houvras and colleagues have developed a model of RET-rearranged thyroid cancer in zebrafish (Y Houvras, personal communication) . Expression of the human CCDC6-RET fusion gene under control of a thyroid-specific reporter led to significant neoplastic phenotypes within the first month of life.
Cancer cell grafting
In addition to developing genetic models to study cancer, zebrafish is also versatile as a model to graft human cancer cells. A number of studies have shown that a variety of cultured human cancer cells can be successfully grafted into fish (Barriuso et al. 2015) . Some of the studies have further expanded the practical use of this approach and include: showing that transplanting human lung cancer cells into zebrafish allowed exploration of cancer cell invasiveness in vivo (Moshal et al. 2011) , orthotopic models of retinoblastoma cell invasion (Chen et al. 2015) and tumor-induced vascularization studies (Zheng et al. 2016) . Regarding endocrine cancers, grafting human MTC cells (MZ-CRC and TT) into the subepidermal cavity of zebrafish showed that the MTC cells could promote de novo angiogenesis and establish a vasculature surrounding the implanted tumor cells (Vitale et al. 2014) . With a large number of human thyroid cancer cells available from different subtypes, xenograft studies in zebrafish may prove useful for exploring the different mechanisms underlying these subtypes as well as their response to therapeutics (Cirello et al. 2017) . Figure 1 (A, C and D) Targeting a fluorescent probe specifically to the thyroid (thyroglobulinTdTomato) highlighted the zebrafish follicular cells. Thyroid structure was disrupted by co-targeting human BRAF(V600E). Reproduced, under the terms of the original CC BY licence, from Anelli et al. (2017) . Panel B shows a sagittal section of adult thyroid follicles, which are associated with the ventral aorta and gills. Reproduced, with permission, from Bourque & Houvras (2011) .
PDX
Recently, zebrafish has also been successfully used as a host for implantation of patient-derived tumor xenografted fragments (PDTX or PDX, Cirello et al. 2017) . In principle, PDX models should more accurately represent the patient's tumor genetic heterogeneity as implanted tumor lines can be used after only a few rounds of passaging. In PDX experiments with neuroendocrine tumors, e.g., pituitary adenomas, six of eight patient derived samples implanted successfully into host fish, a higher success rate than typical mice PDX models. This suggests that a fish strategy may prove useful when patient-derived tumor samples are limited .
Therapeutics
The convenience of developing xenografted models of human cancers in zebrafish also makes them useful for drug discovery and exploring translational therapeutics. Injected human cancer cells have been used to study mechanisms of tumor cell dissemination and metastasis in zebrafish (reviewed in Dang et al. 2016 , Brown et al. 2017 ; some of these models have been used for compound screens. Lead drug candidates as well as approved drugs have been identified in these models and, although their clinical relevance remains to be established, these efforts reinforce the potential for zebrafish to be used as a useful system for drug discovery. Given the powerful genetic and chemical biology screening tools available in zebrafish, a RET-rearranged model of thyroid cancer should prove to be useful for further investigation into the mechanism of transformation and allow scientists to rapidly compare RET inhibitors or identify novel combinations for treatment.
Drosophila
Our laboratory has focused on the use of the fruit fly Drosophila as a tool to explore RET-dependent disease including MEN2 and MTC. Drosophila would seem an unlikely tool to explore MTC: while flies have analogs of many of our major organs, they do not have a thyroid. Nevertheless, flies have provided perhaps the most extensive exploration of RET-dependent disease of any non-mammalian model. In the following sections, we consider the advantages and disadvantages of fly models and review some of the insights fly models have provided.
Flies and cancer gene discovery
In 1967, Gateff and Schneiderman reported perhaps the first example of a tumor suppressor gene with the characterization of lethal giant larvae (lgl) (Gateff & Schneiderman 1967 , 1969 , Gateff 1978 . Along with other pioneers such as Peter Bryant and colleagues they characterized a series of tumor suppressor genes that yielded tumors when homozygous mutant (reviewed in Bilder 2004 , Vaccari & Bilder 2009 ). In subsequent years, work by a large number of Drosophila laboratories has helped connect oncogenes and tumor suppressors to the details of tumor progression in situ. This work has been strongly informed by the exceptional body of work Drosophila has provided in understanding the signaling pathways that guide animal development. We recommend several useful reviews that describe the contributions of flies to the cancer field (Rudrapatna et al. 2012 , Herranz et al. 2016 , Yadav et al. 2016 , Sonoshita & Cagan 2017 . Here, we focus on RET-based fly cancer models relevant to MEN2.
Conserved epithelia and disease genes
Flies have been used as models of hematopoietic and especially solid tumors, the latter of which represent the most common and often most difficult cancer type to treat. Fly tissues share extensive molecular and structural similarities with vertebrate tissues and have served as models both for tissue assembly and for cell signaling pathways. Approximately 70% of human disease genes have a clear fly ortholog (Reiter et al. 2001 , Celniker & Rubin 2003 . The ability to manipulate sets of genes in small patches of cells (through technologies such as mitotic clones) has allowed fly researchers to explore the signaling connections between body, organs, tissues and individual cells. It is in this context that model organisms such as flies can be useful for exploring the whole animal complexity of solid tumors. Fly MEN2 models provide a tool that (despite the lack of a thyroid) recapitulates several useful aspects of the aberrant signaling seen in MEN2-related tumors. Give important differences between man and fly, however, data in flies should be validated in human models.
Useful as cancer models
The development of Drosophila from an embryo to an adult requires approximately 10 days and an adult fly lives for two months. Flies are economical to raise, making the fly
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Endocrine-Related Cancer system ideal for analysis of mechanisms underlying cancer progression as well as larger scale genetic and drug screens than is practical in mice or rats. We routinely screen 1000 drug-dose points using 20,000 flies in 14 days to identify drugs or combinations for a particular cancer model. Complex fly cancer models with four or more mutations are readily developed; these complex models can provide insight into emergent cancer networks for breast, lung, colorectal and thyroid cancers (e.g., Read et al. 2005 , Uhlirova et al. 2005 , Wu et al. 2010 , Hirabayashi et al. 2013 , Khoo et al. 2013 , Bangi et al. 2016 , Levine & Cagan 2016 . Fly models can also be used to screen for drugs and lead compounds (Vidal et al. 2005 , Edwards et al. 2011 , Markstein et al. 2014 . Perhaps the most attractive feature of using flies is access to their extensive genetic toolkit (Venken & Bellen 2014) . The Drosophila community has a history of creating and sharing tools, and overall, they have developed a set of remarkable gene manipulation tools to allow (i) manipulation of any gene of interest, in (ii) nearly any tissue, at (iii) any stage of development.
Disadvantages
As with all model systems, Drosophila has significant limitations as a cancer model platform. The fly skeletal, lymphatic and vasculature systems are different from those in vertebrates; consequently, key aspects of tumor progression including bone metastasis and intravasation/ extravasation cannot be properly modeled in flies. Their immune system has similarities but also important differences with our own. And, of course, they lack a thyroid. Drosophila and human lineages diverged perhaps 300 million year ago and, as a result, perhaps the key disadvantage of using flies is that the details in signaling pathways and organs will have difficult-to-predict differences. Overall, we view flies as a 'starting tool' that can provide whole animal data quickly and inexpensively, but that represents only a first step in the discovery process.
The Drosophila RET (MEN2) signaling network: genetic screens
To model RET M918T (the RET isoform associated with MEN2B) Drosophila RET M955T was targeted to the developing eye, a well characterized epithelia in terms of cell-cell interactions and signal transduction (Read et al. 2005) . RET M955T flies developed a 'rough eye' phenotype due to overproliferation, alterations in cell fate and compensatory apoptosis. Targeting a broad cross-section of the fly genome, multiple 'genetic modifier screens' identified 140 genes that mediate RET M955T -mediated transformation. This functional network included both positive and negative regulators of RET-mediated transformation. Multiple signaling pathways emerged including EGFR, RAS, SRC, JNK, NOTCH, etc., as well as cytoskeletal regulators and chromatin remodeling proteins, providing a broad view of the cellular networks that mediate RET-based transformation.
A collaboration that included medical geneticist Paul Goodfellow used the set of 140 Drosophila genetic modifiers to deconvolute a copy number variation analysis of MEN2 patient tumor samples (Read et al. 2005) . Interestingly, two loci proved statistically significantly linked to increased risk of secondary pheochromocytomas when altered by copy number variation in MEN2 patients: the signaling kinase TNIK and the chromatin remodeling protein CHD3. This is consistent with the view that genomic alterations can affect MEN2 disease outcome. Overall, using Drosophila to identify candidate biomarkers and susceptibility loci represents an interesting potential use of Drosophila for cancer genomic studies and has been used to deconvolute functional regulators in other diseases (e.g., Pendse et al. 2013) . This set of genetic modifiers also offers an opportunity to better understand aspects of RET-mediated transformation; in succeeding years, we and others have systematically analyzed some of the mechanisms by which these genetic modifiers regulate RET MEN2 -based transformation.
SRC
SRC is a well-characterized oncogene that has been shown to promote progression of a broad palette of solid tumors (Ishizawar & Parsons 2004) . SRC and its direct negative regulator CSK were identified as genetic modifiers of Drosophila RET M955T (Read et al. 2005) . Using the fly eye assay as well as a wing epithelia assay, elevated SRC was found to promote migration, invasion and metastasislike cell behavior (Read et al. 2004 , Vidal et al. 2006 . Most easily observed in the wing, the basal shift of transformed cells provides a useful in vivo assay for aspects of metastasis (Fig. 2) .
Interestingly, activation of SRC (or other oncogenes such as RET) was found to have a 'boundary effect' at transformed/non-transformed boundaries: the SRCtransformed cells at tumor boundaries were the cells that shifted basally and migrated away from the original patched domain, suggesting that signals are passed between transformed and non-transformed cells. This phenomenon relied on pathways that included E-CADHERIN, RHO1, JNK and matrix metalloproteases (Vidal et al. 2006) . This finding highlighted an important phenomenon relevant for cancer metastasis: that transformed cells adjacent to normal tissue, through a non-autonomous signaling mechanism, are potentially more invasive. This phenomenon gained support in fly/ human studies of head and neck cancers (Heller et al. 2012) ; the role of interactions between normal thyroid cells and transformed C cells is yet to be explored.
SIN3A
SIN3A was identified as a potent tumor suppressor of fly RET M955T (Read et al. 2005 ). SIN3A's role in regulating transcription has been studied comprehensively over the past decade, but the mechanisms by which it regulates tumor progression is not fully understood. We found that SIN3A expression was downregulated in a broad crosssection of cancer types including RET-based tumors (Das et al. 2013b) . Again turning to fly models, our genetic, ChIP-seq and molecular analysis in flies and human cancer cells showed that SIN3A is a suppressor of invasion downstream of RET as well as tumors driven by other RTKs.
SIN3A is a global transcriptional regulator that is increasingly linked to cancer (Bansal et al. 2016 ). In our fly cancer models, SIN3A controlled a 'gene cassette' involved in invasion, making it an ideal point of deregulation to drive tumor progression. Our findings about SIN3A's role regulating tumor progression has since been validated in a number of additional studies in humans and vertebrate models (Takeda et al. 2015 , Lewis et al. 2016 . Along with knockout of the SRC-negative regulator CSK, knockout of SIN3A is one of the few examples of single gene loss that is sufficient to yield most aspects of transformation.
Caspases
The shift of RET MEN2 , SRC-activated or SIN3A-knockdown cells basally (Fig. 2 ) also had another common feature: cells at the boundary contained high levels of cleaved, activated caspases (Rudrapatna et al. 2013) . Most transformed cells were eventually, but not immediately, eliminated by apoptosis. Caspases are well-characterized promoters of cell death and are considered important tumor suppressor pathways (Fuchs & Steller 2011) .
The frequent presence of active caspases in invading/ migrating cells suggested caspases could have yet another role in tumor progression beyond apoptosis. Blocking caspase activity in transformed cells enlarged the 'primary' wing tumor, but also prevented transformed cells from migrating, suggesting caspase activity could promote cell motility. When we activated caspases in epithelial cells and fine-tuned their levels by co-expressing the caspase-inhibitor p35, otherwise wild-type cells showed migration/invasion into neighboring tissue (Rudrapatna et al. 2013 ). These cells activated MMPs and were dependent on the JNK-RHO pathway for migration (Rudrapatna et al. 2014 ). Similar observations have been made in human cells (e.g., Liu et al. 2013) , supporting 
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Endocrine-Related Cancer our findings and demonstrating how non-vertebrate model systems can shed novel cancer insights. Together this work highlights an unanticipated role for caspases: promoting cell migration in RET and SRC-transformed cells. In one 'goldilocks' model, cancer networks must activate caspases at just the right level: too high levels promote apoptosis, while too low levels fail to fully promote migration.
NEK2
Chromosomal instability (CIN) has been proposed to promote tumor progression in various cancers including PTC and anaplastic thyroid cancer (ATC) (Mitsutake et al. 2005 , Maric et al. 2011 , Ragazzi et al. 2014 . Centrosome amplification promotes CIN, which is postulated to be a source of genetic variation that fuels complex signaling and tumor growth (reviewed in Negrini et al. 2010) . In testing this hypothesis, we found that overexpression of the centrosomal component Nek2 in fly tissues promoted centrosome amplification but, in combination with activated point mutant RET M955T , it instead promoted metastasis. Nek2 upregulation also cooperated with other commonly activated tumor pathways including RAS and SRC to promote metastasislike phenotypes (Das et al. 2013a,b) . These data suggested that upregulation of components of the centrosome, including amplification of entire centrosomes, could in the presence of cancer drivers direct transformed cells to invade and metastasize, countering the 'genetic variation promoting' model. Subsequent studies in vertebrate cells that selectively induced centrosome amplification have further supported this hypothesis (Cappello et al. 2014 , Godinho et al. 2014 .
RET (MEN2) signaling is distinct from RET fusions
Twenty-five years ago, Donis-Keller and coworkers provided a window into the importance of RET-mediated transformation. The recent discovery of genomic RET fusions in thyroid, colorectal and lung tumors has broadened the paradigm of RET-driven cancers. In most RET fusions the N-terminal portion is derived from another gene, while the C-terminal domain includes the kinase domain of RET (Fig. 3) . The N-terminal domain usually consists of protein-protein (e.g., coiled-coiled) interaction domains with no known catalytic function; consequently, the RET kinase domain is considered the main signaling component of these proteins. Key examples include CCDC6-RET (associated primarily with PTC), NCOA4-RET (also PTC) and KIF5B-RET (lung cancer). RET fusions associated with PTC represent among the earliest described oncogenic fusions (Grieco et al. 1990 , Santoro et al. 1994 , Nikiforov & Nikiforova 2011 .
Patients with different RET point mutations or different RET fusions can show different levels and aspects of transformation. A key question is whether activating point mutant isoforms of RET and RET fusions promote tumorigenesis using similar mechanisms and whether they respond similarly to therapeutics. That is, would RET inhibition alone be sufficient as an optimal therapy against all oncogenic RET isoforms?
PTC fusions
Again using a dominant genetic modifier screening approach, fly models expressing the MEN2A and MEN2B RET isoforms in the fly eye showed similar though not quite identical functional networks (Read et al. 2005) . Fusions, however, proved a different story: transformation of fly tissues expressing human CCDC6-RET vs NCOA4-RET fusions relied on distinct genetic pathways for oncogenic signaling (Levinson & Cagan 2016) . For example, in a modifier screen of >200 kinases, mutations in four kinases modified CCD6-RET, nine modified NCOA4-RET and only two kinases (fly orthologs of TEC and JNK) modified both CCDC6-RET and NCOA4-RET transformation. These functional networks were also significantly different from MEN2 forms of RET.
Similarly, in a survey of the efficacy of clinical and lead anti-cancer drugs CCDC6-RET and NCOA4-RET fly models responded to a different though partially overlapping set of drugs. For example, gefitinib and vandetanib more strongly suppressed CCDC6-RET induced lethality, while sorafenib and cabozantinib were more effective against NCOA4-RET induced lethality. Taken together, these data illustrate the significant differences between CCDC6-RET and NCOA4-RET in both their signaling networks and drug response. The data also suggest that different RET fusions have different intracellular signaling networks that reflect more than simply activation of RET kinase activity.
KIF5B-RET fusion
A recent addition to the palette of RET fusions has been the identification of KIF5B-RET fusions in non-smallcell lung cancer (NSCLC) patients (Fig. 3) (Ju et al. 2012 , Takeuchi et al. 2012 . Preclinical vertebrate model studies have suggested KIF5B-RET can respond to RET-inhibitor therapy ); yet, in recent clinical trials, many patients with KIF5B-RET NSCLC tumors responded poorly to RET-class drugs (Sarfaty et al. 2016 , Gautschi et al. 2017 . This suggests that therapies developed solely to target the fusion's C-terminal RET kinase domain, without accounting for functions from the N-terminal partner domain, may show limited efficacy against KIF5B-RET tumors.
To explore these issues, we developed Drosophila and human lung cell line models to explore KIF5B-RET biology and also identify therapeutic options for KIF5B-RET tumors (Das & Cagan 2017) . The full-length KIF5B protein is a conventional kinesin heavy chain that regulates transport of a variety of cargoes to distinct cellular locations including axons and dendrites. In both fly and human cell lines, KIF5B-RET expression provoked both transformation and formation of unusually elongated filopodia-like processes and invadopodia (Fig. 3) . These unusual processes were not observed in RET M955T point mutants or in the fusions CCDC6-RET and NCOA4-RET, indicating a distinct transformation network. Indeed, we demonstrated that the kinesin domain of KIF5B-RET, recruited and activated multiple RTKs (including EGFR, FGFR and PDGFR) to RAB-containing vesicles, transporting these factors along with activated SRC into the aberrant cellular processes. The result was complex emergent signaling that required multi-targeting kinase inhibitors such as AD80 and sorafenib to more fully suppress the KIF5B-RET transformation network. The other RET fusions, CCDC6-RET and NCOA4-RET, did not activate these pathways in a similar manner indicating the unique signaling capacity of KIF5B-RET oncogene (Das & Cagan 2017 ). These studies demonstrate that kinase fusion oncogenes can have unique and complex functions beyond their kinase domain activity. Therapeutic strategies for other kinase fusion oncogenes may also benefit from understanding the signaling pathways activated by different domains of the fusion protein.
Drosophila as a tool to address current challenges of MEN2 cancer therapeutics
A key advantage of Drosophila is their willingness to thrive in small tubes or wells, allowing for moderately highthroughput whole animal drug screening. Combining this feature with powerful genetic tools has provided an opportunity to both identify lead compounds and also explore their whole animal mechanism of action (MOA).
Whole animal screening platform
A continuing challenge in cancer therapeutics is to identify drugs that selectively inhibit or kill cancer cells while sparing normal tissue. Whole animal screening platforms can help identify therapeutics that inhibit cancer cell growth (efficacy) without affecting animal viability (toxicity), i.e., optimized 'therapeutic index'. Large-scale whole animal screening in mammalian models is time consuming and cost prohibitive. The Drosophila Ret M955T model offers a practical whole animal platform for testing candidate therapeutics.
Carlomagno, Santoro and colleagues demonstrated the efficacy of vandetanib against patient-derived thyroid RET MEN2 cancer cells, a seminal step in developing therapies for RET-based cancers (Carlomagno et al. 2002) . Fed to a Drosophila MEN2 model targeting RET M955T to the developing eye, vandetanib strongly suppressed the 'rough eye' phenotype (Fig. 4) (Vidal et al. 2005) . These flies were healthy and remained viable, other candidates T99 T K Das and R L Cagan Non-mammalian MEN2 models 25:2
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showed poor efficacy or high toxicity, consistent with the view that vandetinib had an acceptable therapeutic index. This was the first indication that fly models of human thyroid neoplasias, similar to vertebrate models, could be used to assess lead therapeutic candidates.
Rational polypharmacology
Vandetanib was the first drug to be approved for treatment of MTC in 2011; it has more recently been joined by cabozantinib (Kurzrock et al. 2011 , Wells et al. 2012 . Both drugs are multi-targeting kinase inhibitors that target receptor tyrosine kinases including RET, VEGFR, KDR and PDGFR as well as intracellular kinases including AXL, BTK, SRC and MNK2. Many drugs owe a portion of their efficacy to 'unintended polypharmacology' (Amelio et al. 2017) , and the importance of these additional targets to the success of vandetanib or cabozantinib is unknown. Although vandetanib and cabozantinib are effective at extending patient overall survival, patients can present with significant side effects and, in some cases, drug resistance can emerge. The source of vandetanib and cabozantinib toxicity is not fully understood: toxicity likely derives from both unintended off-target activity and, perhaps, from on-target RET activity in normal tissues. One approach to address these issues is to develop leads that are more specific to oncogenic RET. Promising trials with 'cleaner' leads including LOXO-292 and BLU-667 are ongoing (Sabari et al. 2017) : reducing 'off-target' effects of drugs may lead to an improvement in overall therapeutic index, for example, by reducing activity against potential liabilities such as KDR (Jain et al. 2010 ). An alternative approach is to 'tune' multi-targeting ('polypharmacological') compounds to the oncogenic Ret network while limiting whole body liabilities (Hopkins 2008 , Knight et al. 2010 . Taking the latter approach, we collaborated with medicinal chemists Kevan Shokat and Arvin Dar to identify compounds that better inhibit the RET signaling network in the context of the whole animal.
AD80
Screening for compounds that rescue RET M955T -mediated lethality led to identification of the DFG-out, type II kinase inhibitor compound AD57 (Dar et al. 2012) . We next used dominant modifier genetic screening to better understand the limitations and liabilities of AD57. Coupling in vitro kinase assays with genetic modifier screens, we identified RET, RAF, SRC and mTOR as key AD57 targets. For example, removing a functional copy of the PI3K pathway regulator tor (RET M955T tor +/− ) in the presence of AD57 increased whole animal toxicity and decreased efficacy. That is, a second-generation compound should demonstrate reduced activity against the 'anti-target' mTOR.
Through chemical modeling, the Shokat laboratory predicted specific alterations to achieve a rebalancing of AD57's targets. The resulting derivative compounds AD80 and AD81 showed reduced mTOR activity; they reduced PI3K activity by attacking the downstream kinase S6K (Dar et al. 2012) . In human TT and MZ-CRC-1 cell lines, AD80 reduced viability approximately 150-fold more effectively than vandetanib; it also showed significantly improved efficacy in a TT-based mouse xenograft study when benchmarked against vandetanib. More recently, AD80 was shown to have exceptional efficacy in mammalian colorectal and lung cancer models containing RET fusions, models that proved resistant to more targeted RET drugs (Plenker et al. 2017) . While these data are promising, importantly AD80 and its sister analogs are yet to be tested in a patient setting.
Sorafenib analog APS6-45
Our experience with developing AD80 and related compounds established a platform: identify an initial 'hit' through whole fly screening, then use genetics to help guide improvements. More recently, we have extended this platform to include broader genetic screening and to pair whole fly screening and medicinal chemistry with computational chemistry. We focused on altering FDAapproved compounds, to take advantage of their validated druggability.
Others' work and our own screens identified the kinase inhibitor sorafenib as promising for treating RET-based MTC (Hong et al. 2008 , Lam et al. 2010 , Capdevila et al. 2012 , de Castroneves et al. 2016 . However, sorafenib's liabilities (toxicity and emergent resistance) have limited its utility for MTC. Sorafenib shows a similar profile in a Drosophila RET M955T model: limited but significant efficacy but also significant toxicity. Using a dominant genetic modifier screen of the fly kinome to identify new activities ('pro-targets') and liabilities ('anti-targets') led to identification of an idealized sorafenib kinase profile (Sonoshita et al. in revision) . Pairing computational docking studies and medicinal chemistry, new sorafenib analogs ('tissue calibrated inhibitors' or 'TCIs') were developed that showed exceptional activity and low toxicity in fly MTC models and in a TT cell-based mouse xenograft model of MTC (Fig. 4) .
This work further demonstrates that whole animal 'calibrating' of promising leads such as AD57 or sorafenib to RET-based disease networks may provide a useful approach to addressing drug liabilities including whole body toxicity, limited efficacy and emergent resistance. It remains to be seen, however, whether the fly and mouse work will translate to patient response, specifically whether the druggable properties of sorafenib are retained while also transferring the therapeutic index improvements of the TCIs.
Perspective
In the past 25 years, the MEN2 field has been the beneficiary of a fruitful collaboration of clinicians, clinical scientists and basic scientists. This blend of approaches has led to important advances in our understanding of MEN2 as well as useful first generation treatments. By identifying RET as a key driver of MEN2, Donis-Keller and coworkers provided a blueprint for MEN2 studies, challenging the field to build on this knowledge to continually improve therapeutics. Modeling RET-activated pathways in MEN2 has also provided an exciting opportunity to model and understand other cancer types with oncogenic RET variants. This has provided a more complete picture of the full potential of tumorigenic RET signaling, including that of RET fusions, allowing the field to explore both common and tailored therapeutic strategies across these different cancer paradigms. As with many other thriving fields, model organisms including mice, fish and flies provide a useful discovery engine, helping provide new mechanistic understanding and new paths to therapeutics.
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